BACKGROUND: Birth weight is positively associated with body mass index (BMI, kgam 2 ) in later life, but is inversely associated with cardiovascular risk. To understand this paradox, we examined the relationships between birth weight, adult BMI, and estimations of lean and fat tissue in young men. METHODS: From 192 applicants for military service (ages 17 ± 22 y, mean BMI 23.2 kgam 2 ) with known birth weights we measured the circumference and anterior skinfold thickness at midthigh to estimate thigh muscle bone area and subcutaneous fat area. Linear regression models including birth weight as the independent variable were adjusted for race and adult height. RESULTS: BMI was linearly associated with birth weight (standardized regression coef®cient, [SRC] 0.27; P 0.0004), as was the thigh muscle bone area (SRC 0.22; P 0.0029), but not the thigh subcutaneous fat area (SRC 0.13; P 0.086). The BMI ± birth weight association was reduced by 68% when the regression model was further adjusted for thigh muscle bone area. Separate adjustment for thigh subcutaneous fat, however, reduced the BMI ± birth weight association by only 30%. Waist circumference was also associated with birth weight (SRC 0.24; P 0.0014), sagittal abdominal diameter was weakly associated (SRC 0.17; P 0.028), but waistathigh ratio and abdominal diameter index were not associated with birth weight. INTERPRETATION: The larger BMI associated with higher birth weight may re¯ect increments in lean tissue more than increments in fat. Birth weight's in¯uence on lean tissue is observed in the thigh and, among ®t young men, perhaps at the waist. Increased muscularity in young men may partly explain the cardiovascular bene®t in middle age ascribed to higher birth weight.
Introduction
Birth weight has been found to be positively associated with ponderal index (kgam 3 ) in childhood 1 and with body mass index (BMI, kgam 2 ) or relative weight at older ages. 2 ± 11 Increased relative weight in middle age is considered a risk factor for cardiovascular disease, 12, 13 but higher birth weight is associated with a reduced, rather than increased, risk of cardiovascular disease in several populations. 6,14 ± 18 To reconcile these apparently contradictory observations we investigated associations between birth weight, adult BMI, and adult tissue distribution in an anthropometric survey of young men. We wished to learn whether men with higher birth weight were more likely to exhibit increased lean tissue or increased fat tissue. A recent study of young children found that birth weight was associated with increased lean tissue in the upper arm, but that fatness in the upper arm was less affected. 19 We wished similarly to analyze the tissue components in the thigh because the thigh contains larger tissue mass and it is a major site of energy expenditure related to locomotion. The relative amounts of lean and fat tissue present at the conclusion of adolescent growth might contribute to the prediction of metabolic risk in later adulthood.
Methods

Subjects
We studied a community-based sample of White and Black male applicants for military service who were 17 ± 22 y old and resided in and around Atlanta, Georgia, USA. Of 231 young men examined we excluded 30 whose birth weight (from a standard Georgia birth certi®cate) was unknown and four who had a twin. We excluded another three because of unknown skinfold measurements and two because of unknown BMI. One subject reported a history of hypertension, two reported having dyslipidemia and none reported having diabetes. No data on birth length, blood chemistries, or parental size were available for any of the subjects, and birth certi®cates did not provide reliable information on gestational age.
Anthropometry
All subjects were encountered at the Atlanta Military Entrance Processing Station where their weight and height were obtained without shoes or heavy clothing. After the men provided informed consent (protocol approved by the Emory University Human Investigations Committee), they underwent additional anthropometry in the supine position 20 on an examination table or ®rm bed. We identi®ed the right midthigh (midway between the lateral inguinal fold and midpatella) as the site for obtaining the thigh circumference and anterior thigh skinfold thickness. We measured waist circumference at the natural waist (midway between the lower ribs and the iliac crests in relaxed exhalation). We measured the sagittal abdominal diameter with a portable, sliding-beam, abdominal caliper (Holtain Ltd, Dyfed, UK). The caliper's upper arm was brought down to touch an anterior abdominal mark midway between the iliac crests, a location that approximates the level of the L4 ± L5 interspace. Anthropometric dimensions for each subject were taken as the mean of independent measurements obtained twice or extended to four measurements when the ®rst two values differed by b1 cm for circumferences and sagittal abdominal diameter or by b2 mm for thigh skinfold.
To estimate lean tissue mass of the thigh, we computed a cross-sectional, musclebone area of the midthigh assuming a circular and concentric model as follows: 21 Thigh muscle bone area
To estimate the midthigh cross-sectional area of subcutaneous adipose tissue, we subtracted the thigh musclebone area from the cross-sectional total thigh area (circumference 2 a4p). We computed the waista thigh ratio of circumferences 22 ± 25 and the abdominal diameter index (sagittal abdominal diameteramidthigh circumference) 25 as simple indices of clinically important abdominal tissue distribution.
The mean birth weight, age, BMI, and other anthropometric indices or dimensions are presented in Table   1 . The distribution of BMI in our sample was similar to the BMI distribution for men of similar ages in a large, community-based, national survey. 26 Differences were noted between the Whites (n 123) and Blacks (n 69) with regard to birth weight (mean AE s.d. (kg); 3.429AE 0.556 vs 3.143AE 0.577; P 0.0009) and thigh musclebone area (cm 2 ); 190.2 AE 40.6 vs 219.2AE 41.2; P`0.0001), but there were no signi®cant racial differences in BMI, thigh subcutaneous fat area, age, or height. Height was correlated with birth weight (r 0.25, P 0.0004), log-transformed thigh subcutaneous fat area (r 0.16, P 0.027), and waist circumference (r 0.19, P 0.0078) in race-adjusted analyses.
Statistical analyses
The effect of birth weight on adult BMI and other anthropometric indices or dimensions was estimated by multivariable linear regression, including adjustments for the confounding variables race (White or Black) and height (cm). The b coef®cients (effect per 1 kg increment in birth weight) were calculated alternatively as standardized regression coef®cients (SRCs), ie the effect per sample standard deviation increment in birth weight expressed as a proportion of the sample standard deviation for each anthropometric outcome variable.
In order to rank how much each region or tissue compartment participated in the relation between birth weight and adult size overall, we modi®ed our predictive model for BMI by introducing further separate adjustments for the anthropometric indices representing compartments of interest. We presumed that those adjustments resulting in larger reductions of birth weight's effect on BMI would indicate the regions or compartments that contributed relatively more to the BMI increment associated with higher birth weight.
Irrespective of birth weight, we used SRCs (adjusted for race and height) also to compare the effects on abdominal size or abdominal fat distribution of a one-standard deviation increment in either thigh musclebone area or thigh subcutaneous fat area. Abdominal diameter index sagittal abdominal diameteramidthigh circumference.
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Results
In our model adjusted for race and height, the BMI increased by 1.66 units for every kg increment in birth weight ( Table 2 ). The association between BMI and birth weight was paralleled by the association of birth weight with thigh musclebone area (SRC 0.22, P 0.0029; model adjusted r 2 0.137), but birth weight was not signi®cantly associated with thigh subcutaneous fat area (SRC 0.13, P 0.086; model adjusted r 2 0.029). Analyses strati®ed by race provided similar results. Birth weight was more associated with thigh musclebone area than with thigh subcutaneous fat area both for the 123 Whites (SRC 0.22AE 0.09 vs 0.12 AE 0.09) and 69 Blacks (SRC 0.23AE 0.13 vs 0.14AE 0.13).
After introducing an additional adjustment for thigh musclebone area in our predictive model for BMI, the strength of BMI's association with birth weight was reduced from b 1.66 to b 0.54 (P 0.057; Figure 1 ). This substantial reduction suggests that the relationship between BMI and birth weight is largely mediated through adult tissues represented by the thigh musclebone area. By contrast, a separate adjustment for thigh subcutaneous fat area reduced the BMI-birth weight association only to b 1.16 (P 0.0017).
Waist circumference was also associated with birth weight (SRC 0.24), but sagittal abdominal diameter had a weaker association with birth weight (SRC 0.17) ( Table 2 ). Irrespective of birth weight, thigh musclebone area had a stronger association with the waist circumference than it had with the sagittal abdominal diameter (SRC 0.74 compared to 0.62, Table 3 ). Thigh subcutaneous fat area, however, was associated equally with either waist circumference or sagittal abdominal diameter. The indices of abdominal fat distribution (waistathigh ratio or abdominal diameter index) were inversely correlated with thigh musclebone area, with or without further adjustment for BMI, but they were not correlated with thigh subcutaneous fat area (Table 3) .
There was no evidence of non-linearity in the associations between birth weight and any of the adult dimensions under study. We found no associations between birth weight and the indices of adult abdominal fat distribution (Table 2) , and this absence of association was unchanged by further adjustment for BMI (data not shown).
Discussion
Our study contributes further evidence that the positive association between adult BMI and birth weight re¯ects increments in lean tissue more than increments in adipose tissue. Along with the investigators who reported birth weight's association with children's upper-arm musclebone area, 19 we assume that a limb's musclebone area is largely descriptive of the limb's muscle mass. Our observations on musclebone and fat areas at the midthigh are consistent, therefore, with an earlier study that demonstrated a positive association between birth weight and adult total muscle mass (estimated by urinary creatinine output) but not with nonmuscle mass. 27 
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The association between birth weight and muscularity may also be supported by our ®ndings related to birth weight and abdominal size. Although waist circumference is commonly believed to be correlated with abdominal fat 28 and cardiovascular risk, 29 most studies of this topic involved older subjects who typically had experienced a decade or more of weight gain in middle age. Our subjects, to the contrary, were younger and leaner. Because they had relatively little abdominal fat, we suggest that the variation in their waist circumference re¯ects the variation in their abdominal lean tissue (including perhaps their liver mass) at least as much as it re¯ects the variation in their abdominal adiposity. The stronger correlation of their waist circumference with thigh musclebone area (compared to that with thigh subcutaneous fat area; Table 3 ) supports this interpretation. On the other hand, our subjects' variation in the sagittal abdominal diameter might more closely re¯ect their abdominal adiposity. 30 That birth weight was more strongly associated with waist circumference than sagittal abdominal diameter (Table 2 ) may be taken as additional evidence that the BMI ± birth weight association re¯ects increments primarily in lean tissue.
What might be the origins of this association between birth weight and lean tissue? Barker has suggested that deprivation or stress during gestation may result in a sacri®ce of fetal muscle growth in order to maintain the growth of cephalad tissues such as the brain. 31 Our ®ndings lend support to this notion by demonstrating a positive correlation between weight gain in utero and lower-extremity (ie caudad) muscle mass in adulthood. Our data cannot con®rm, however, that the stimulus for reduced growth is related to nutritional deprivation or gestational stress. Our observations, furthermore, do not exclude the possibility that genetically determined insulin resistance in the fetus, rather than maternal circumstances, might be the primary cause both of reduced birth weight and of reduced muscularity in later life. 32 Could there be long-term consequences for middleage metabolism related to the variation in young-adult muscularity? The large muscles of the lower limbs are a major site of energy expenditure. Men who reach early adulthood with fewer muscle cells or smaller muscle mass in the lower body might thereafter be less able to metabolize the calories they ingest. This would make them more likely to achieve a positive calorie balance compared to men with increased muscularity. Such a tendency to positive calorie balance could result in an increased rate of weight (adipose-tissue) gain during middle age. We speculate also that fewer muscle cells or a smaller muscle mass might at the same time result in a decrease of overall muscle responsiveness to a ®xed insulin signal. Reduced muscularity may thereby explain why insulin resistance is associated with thinness at birth, 33 with reduced birth weight, 11,34 ± 36 and perhaps with reduced waist circumference at birth. 37 Although a previous study reported that`abdominal fatness' was associated with lower birth weight among older British men, 38 we did not con®rm this observation in young men (Table 2) . Because the British investigators de®ned abdominal fatness as an increased ratio of waist-to-hip circumference, it is possible that their subjects with lower birth weight actually had decreased hip size rather than increased abdominal size. This reinterpretation suggests that our two studies may have yielded a similar primary ®nding Ð namely that lower birth weight was associated with a reduction in lower-body size. On the other hand, the older British men with lower birth weights might have acquired larger abdomens after three decades of adult metabolism conditioned by reduced lower-body muscularity. Our anthropometric data (Table 3 ) and a computed-tomography study 39 suggest that thigh muscle area, but not thigh fat area, is inversely associated with indices of abdominal fat distribution. Because abdominal fat volume may be a marker of long-term insulin resistance 40 ± 42 or increased concentrations of insulin, 23,42 ± 46 accelerated accumulation of abdominal fat might be expected in men who enter adulthood with reduced muscle mass.
Increased muscularity in young men may partly explain the cardiovascular bene®t in later life ascribed to higher birth weight. Prospective studies have demonstrated that the combination of lower birth weight and overweight status in later years are the circumstances associated with an especially high risk of coronary heart disease. 6, 18 It is possible, therefore, that avoidance of weight gain during adulthood might bene®t persons born with lower weight more than those who were born heavier. This hypothesis remains unproved, however, and we do not know what interventions would be best to prevent obesity in this subpopulation of persons born with lower weight. Longitudinal studies from gestation through the ®fth or sixth decade of life will be important for understanding how birth weight and tissue distribution may lead to cardiovascular risk.
